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Introduction and Background
Di abetes mellitus is a syndrome characterized by disordered metabolism and abnormally high blood sugar (hyperglycemia) resulting from either low insulin level or insulin resistance at many body cells. Diabetes mellitus has high social and economic importance as the number of the diabetes patients continues to grow at an unprecedented rate throughout the world. Diabetes is the most frequent cause of legal blindness and renal failure and one of the major risk factors of cardiovascular diseases. Diabetes patients are five times more likely than nondiabetes patients to develop severe chronic leg ischemia, leading to foot ulceration and often, amputation. 1 Hemorheological parameters in diabetes mellitus are often disturbed. These parameters include (but are not limited to) hematocrit, plasma proteins, erythrocyte aggregation, and erythrocyte deformability. The abnormalities associated with each of these parameters have been shown to markedly increase both plasma and whole blood viscosity (WBV). Whether or not blood viscosity determines blood flow resistance and microcirculation, and moreover, whether or not increases in viscosity can lead to the development of microvascular complications, are questions that should be subjected to further physiological and epidemiological studies. In addition, when the diameters of the capillaries of the eye and kidney are reduced in patients with diabetes because of the thickening of the basement membrane of capillaries, 2 the altered capillary structure increases flow resistance, leading to the impaired microcirculation. This resultant disturbance may be a risk factor for the progression of retinal failure in diabetic retinopathy and renal failure in diabetic nephropathy.
Diabetes is also associated with an increased risk of atherosclerosis, which often occurs in elastic arteries of a diameter greater than 3 mm. The aforementioned hemorheological disturbance can amplify the microhemodynamic, particularly at the bifurcation. As a result, a significantly larger number of endothelial cells at the bifurcation become dysfunctional in diabetes patients compared to nondiabetes patients.
Erythrocyte Deformability
One of the hemorheological parameters altered in diabetes mellitus is the deformability of red blood cells (RBCs). Erythrocyte deformability was historically measured by the volume of RBCs (VRBC) filtered per minute through approximately 5 µm pore-size filters. The VRBC was found to be significantly reduced in diabetes patients compared with healthy controls. More recently, improved techniques for assessing RBC deformability, including laser diffraction techniques, have been utilized to address the clogging effects of white blood cells. Such methods have the ability to determine RBC deformability over a range of shear stresses. [3] [4] [5] [6] Red cells deform into an elliptical shape, aligning their long axis into the flow direction when blood moves at a relatively high velocity in a large arteries (i.e., greater than 3 mm in diameter) during systole. Even though 40-50% of the whole blood consists of red cells, they move almost like water drops in the large artery, posing a relatively small frictional penalty.
The erythrocyte deformability becomes more important in microcirculation. Guyton and Hall reported the minimum lumen of capillary vessels as 4-9 µm, 7 while other researchers have reported this diameter as 4-6, 4-8, and 5-7 µm. [8] [9] [10] [11] What is noteworthy here is that because the size of red cells is typically approximately 8 µm, the deformability of the red cell can have a profound impact on microcirculation. It is crucial to perfusion for the red cells to pass through the capillaries in order to supply oxygen to the surrounding tissues. Additionally, it has been suggested that the impaired perfusion at the tissue level observed as a complication of diabetes mellitus is primarily due to the reduced erythrocyte deformability.
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The major determinants of the erythrocyte deformability include cell shape (i.e., the surface-to-volume ratio), mechanical properties of the cell membrane and its cytoskeleton, and intracellular viscosity, which is related to the mean cell hemoglobin concentration.
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Effects of Glucose on Erythrocyte Deformability
Diabetes mellitus is a disease associated with abnormal carbohydrate metabolism, arising from insulin deficiency and/or malfunction of insulin receptors, insulin being the key hormone in blood glucose homeostasis. 16 The consequent elevation of glucose in the blood plasma affects primarily RBCs and the vascular endothelial cells, including the walls of capillaries. The impaired glucose tolerance or uncontrolled blood glucose often results in microvascular complications of diabetes. An earlier study by Pirat 17 showed that as the degree of hyperglycemia increased, so did the incidence of complications, with the "poor" control group having the greatest incidence of retinopathy, nephropathy, and neuropathy.
Hyperglycemia is a crucial feature in diabetes. Abnormal glycation, which can adversely affect hemoglobin and membrane proteins in erythrocytes, has been shown to correlate with reduced membrane fluidity.
18 Separately, high values of glycosylated hemoglobin have been found to correlate with decreased deformability of erythrocytes. 19, 20 An elevated glucose level is traditionally associated with the insulin resistance syndrome or loss of insulin sensitivity. Pérez-Martin et al. 21 and other researchers [22] [23] [24] found that insulin sensitivity was negatively correlated to WBV. In other words, WBV is likely to mirror a host of various metabolic parameters controlled by insulin sensitivity (e.g., circulating lipids, glycemia, water and ion status, blood pressure, and obesity). 21 Whether or not improved glycemic control leads to beneficial rheological changes and further improves microcirculation is a noteworthy area for further investigation.
Erythrocyte Aggregation
If whole blood is allowed to sit in vitro, red cells begin to aggregate, a phenomenon which is known as Rouleaux formation. The erythrocyte aggregation also occurs in vivo. Whole blood stops briefly during diastole, particularly in a space between the aortic valve and aortic wall. Whole blood becomes briefly stagnant or recirculates at the bifurcations of a large artery. In addition, blood moves extremely slowly at the capillaries. For example, intensified RBC aggregation occurring in individual capillaries disturbs the normal blood flow inside their lumina and deranges the rheological properties of blood flow in the microvessels, which can slow to a full stop. 
Whole Blood Viscosity
Whole blood is a suspension of plasma and cells. Because of the large quantity of cells, mostly erythrocytes, whole blood behaves as a non-Newtonian fluid, which means that blood is thicker at lower shear rates and becomes relatively thinner at higher shear rates. Blood viscosity at lower shear rates (e.g., at 1.0 s -1 ) can be said to represent in vivo flow conditions corresponding to diastole, whereas the blood viscosity at the high shear rate (i.e., at 300 s -1 ) can be said to represent in vivo flow conditions corresponding to the systole. There is a steady fall in viscosity as shear rates increase from low to high values. Shear rate is defined as a velocity gradient, which in actuality has a maximum value at the vessel wall and minimum value approaching zero at the center of the vessel. The low shear rate flow at the center of large vessels underscores the potential role of red cell aggregation in large vessels even at high blood flow rates.
Although hematocrit is one of the most important variables affecting the overall viscosity value of a given whole blood specimen, the magnitude of low shear viscosity is primarily determined by erythrocyte aggregation, whereas differences in high shear viscosity are robustly influenced by the erythrocyte deformability. Accordingly, low shear viscosity has a close correlation with the plasma fibrinogen and individual globulin concentrations. In general, blood viscosity depends both on macrorheological parameters, namely, hematocrit and serum proteins (fibrinogen and globulins), and on microrheological parameters, namely, the degree of RBC aggregation and deformability.
In macrovessels whose diameters are of the orders of magnitude larger than the size of red cells, blood viscosity plays a major role in determining flow resistance, assuming the vessel diameter remains constant. However, in the capillaries where the size of red cells is of the same order of magnitude as the lumen, the blood cannot be viewed to function as a uniform liquid, and the conceptual relevance of blood viscosity must be considered-especially as measured in the idiosyncratic geometries and flow regimes of rotational viscometers such as Brookfield or Contraves instruments, which are commonly used. In the microvessels, factors that would determine blood flow, such as hematocrit, RBC aggregation, RBC deformability, and plasma proteins, should be considered directly. This approach would be underscored by the fact that hematocrit in the microvessels is usually lower than in large vessels and become compressed, appearing homogeneous. This interferes with restoration of blood flow in capillaries.
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Red cells continue to undergo the process of aggregation and disaggregation in vivo in the normal physiology.
Red blood cell aggregation occurs when the balance between aggregating and disaggregating forces breaks. The aggregating forces include the bridging forces due to adsorbed macromolecules such as fibrinogen on adjacent cell surfaces and the force produced by depletion-mediated effects with a preferential exclusion of macromolecules from the RBC surface that generates an osmotic gradient and fluid movement away from the intercellular gap and thus decreased cell-solvent affinity.
27 The disaggregating forces include fluid shear forces, electrostatic repulsion between cells, and the elastic energy of the cell membrane. 28, 29 At the large arteries (e.g., coronary or carotid), the aggregating force may be greater than the disaggregating force except at the bifurcation, where the whole blood recirculates and becomes stagnant at the outer wall of the bifurcation due to the adverse pressure gradient. At this very location, erythrocytes in diabetes patients demonstrate increased adhesiveness to vascular endothelium, 30 amplifying the risk of atherosclerotic plaque development.
Red cells of patients with type 2 diabetes are known to aggregate more readily than those of normal subjects. In fact, the excessive aggregation of red cells is one of the most prominent features in patients with diabetes with poor glycemic control. The erythrocyte aggregation is an important hemorheological parameter because it directly affects WBV. Grigoleit and colleagues 31 considered abnormal rheological dynamics due to enhanced erythrocyte aggregation, the principal cause of vascular complications in diabetes mellitus since red cell aggregates cannot pass through the capillaries. More recent studies provide supporting data on the formation of red cell aggregates in vivo. [32] [33] [34] Furthermore, patients with type 2 diabetes exhibit a greater tendency than subjects without diabetes to develop peripheral vascular diseases in the lower extremities, and it has been suggested that enhanced erythrocyte aggregation contributes directly to this pathophysiology. [35] [36] [37] Red cell aggregation is considered to be a primary cause of elevated WBV at low shear rates with respect to higher shear rates. and therefore lower than the hematocrits of specimens obtained by venipuncture and tested for viscosity in vitro.
Blood viscosity is a basic biological parameter that affects blood flow both at large arteries and in microcirculation. Abnormally high blood viscosity in unstable angina can play a role in further aggravating myocardial ischemia, because oxygen delivery is already diminished due to atherosclerotic plaque at the coronary artery. Additionally, increased WBV may increase injurious forces at the endothelial wall, thus adversely impacting endothelial function and thereby contributing to the inflammatory process.
In diabetes mellitus, there is sufficient evidence that the elevated blood viscosity is a pathogenetic factor of diabetic microangiopathy, altering microcirculation and leading to insufficient tissue nutrition.
31 In this regard, the increased blood viscosity manifests all the adverse microscopic alterations occurring in diverse structures of circulating blood in diabetes. Increased blood viscosity could be particularly important in the etiology of diabetic retinopathy.
38-40 Diabetic retinopathy can be described by dilated veins, microaneurysms, hemorrhages, and vessel proliferation. The etiology of the diabetic microangiopathy may be the impairment of the microcirculation leading to a prolonged reduction in the supply of oxygen and nutrients to the capillary vessels. [41] [42] [43] [44] More specifically, the development of diabetic angiopathy has been related to abnormal hematocrit, plasma viscosity and erythrocyte aggregation, 45, 46 and decreased erythrocyte deformability. 47, 48 Since these parameters are the ones that determine the WBV, one may expect that the blood viscosity is also adversely altered in diabetic angiopathy.
A number of researchers found that the blood viscosity was altered in diabetes. 41, 49, 50 As the osmolarity of the blood increases due to increased sugar level, the capillary permeability increases, thus increasing hematocrit and subsequently the blood viscosity. 51 Lowe and coworkers 52 suggested that hyperglycemia may cause an osmotic diuresis and hence may lower plasma volume and increase hematocrit. Widespread increased microvascular permeability might lead to reduced plasma volume and hence increased hematocrit. 53 Increased hematocrit is associated with slowed retinal circulation. Barnes et al. 54 reported that both hematocrit and blood viscosity decreased after institution of good diabetic control. In summary, diabetes patients had higher blood viscosity than healthy people.
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Discussion Skovborg et al. were the first to study blood viscosity in diabetes patients. 41 They found increased viscosity in 40 nonacidotic long-term diabetes patients as compared with 25 normal controls. The hematocrit-corrected blood viscosity measured with a Brookfield viscometer was 20% higher over a shear rate range of 1-10 s -1 in subjects with type 2 diabetes 41 and was significantly correlated with α2 and β globulins and fibrinogen concentration in subjects with type 2 diabetes.
56 Table 1 gives the WBV for both control and diabetes mellitus at various shear rates as reported by a number of researchers. Here, we highlight some of these studies. The second column in Table 1 indicates the number of subjects in the two groups: control subjects (C) and diabetic patients (P).
Le Devehat et al.
1 studied the hemorheology in diabetes patients without microangiopathy and macroangiopathy and showed an increased erythrocyte aggregation associated with an increased fibrinogen level while albumin levels were decreased. The hemorheological disturbances were found to be present even in diabetes patients without clinically detectable microangiopathy and/or microangiopathy. Paisey et al. 57 reported that hyperviscosity in diabetes was strongly related to hyperglycemia and influenced by the quality of diabetic control. Barnes et al. 58 reported that blood viscosity at low shear rates was significantly higher in 64 patients with longstanding diabetes than in 61 matched nondiabetic controls. This increase was most striking in patients with either proliferative retinopathy or nephropathy, although it was present to a lesser extent in diabetes patients with evidence of myocardial or peripheral ischaemia. Erythrocyte deformability was lower in the 14 diabetes patients with the most extensive microangiopathy than in 22 diabetes patients with slight or no complications or in controls. They suggested that hyperviscosity and reduced erythrocyte deformability might well be important and potentially treatable factors in the etiology or progression of microcirculatory disease in diabetes.
58 Cam et al. 59 studied the effects of hemorheological factors on the development of hypertension in children with diabetes without retinopathy and persistent microalbuminuria. Arterial blood pressures were measured in 46 children with diabetes and were compared with those of 29 healthy nonobese and 32 obese age-and sex-matched children. When compared with nonobese children, blood viscosity, plasma viscosity, serum viscosity, serum albumin, and plasma fibrinogen values were found elevated in diabetes patients and were correlated with systolic and diastolic blood pressure.
Lowe et al. 52 studied the role of blood viscosity and its major determinants (hematocrit, plasma fibrinogen, and plasma viscosity) in diabetes and diabetic retinopathy by studying young insulin-treated male diabetes patients with normal urea and creatinine levels who were otherwise healthy and on no medication. Diabetes patients without fundoscopic retinopathy (n = 20) had higher mean blood viscosity than controls at the high shear rate and the low shear rate. Lowe et al. showed that young male diabetics had increased blood viscosity at both high and low shear rates compared to nondiabetes patients and that this is present before the onset of clinically detectable retinopathy or other vascular complications. The increased viscosity was not due to an increase in hematocrit, for it persisted after correction for hematocrit differences between groups. They attributed the increased plasma viscosity to plasma fibrinogen.
The hemorheological disorders might promote stagnation of blood flow in the capillaries and postcapillary venules in diabetes patients. Circulatory stagnation is supposed to play an etiological role in capillary nonperfusion, in turn acting as a stimulus for new vessel formation, which represents a major cause of blindness in diabetes patients. 55 Increased viscosity reduces retinal blood flow, and the stagnation of blood flow in the microcirculation might result in local hypoxia, lactic acidosis, and hence microvascular damage.
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In an acute myocardial infarction for diabetes patients, the erythrocyte aggregates cannot pass through the capillaries, 31 thereby leading to the reduction of perfusion and eventual nonperfusion. Hence, reducing blood viscosity can increase blood flow in capillaries at the myocardium as well as other capillaries such as retinal vessels. Note that several researchers reported that retinopathies in nondiabetic hyperviscosity states, which are extreme cases with high levels of aggregation and plasma viscosity, were improved by lowering blood viscosity. [61] [62] [63] Since increased RBC aggregation and increased low shear viscosity can impair microcirculatory flow, improved hemorheological factors via improved metabolic control may reduce microvascular complications of diabetes mellitus. Other methods of treatment to reduce hyperviscosity may include hemodilution, reduction of fibrinogen, plasmapheresis, or reduction of low-density lipoprotein.
Vekasi et al. 64 reported a pathologically raised plasma glucose concentration of the diabetes patients presenting at their outpatient unit, despite the fact that they had been on drug treatment for many years. They noted the fact that hyperglycemia that has existed for a long time could result in hemorheological disorders, leading to a disturbance in the microcirculation. These disturbances then cause ischemia at the different tissues, 65-67 which is the main reason for the formation of new capillaries, leading to retinopathy. Grigoleit et al. 31 suggested the use of pharmaceutical agents capable of reducing blood viscosity for the treatment of vascular disorders in diabetes. They stated that since every diabetes patient can be considered a potential sufferer from vascular disease, and early lesions to terminal blood vessels have to be expected, improved tissue nutrition from increased capillary circulation as a result of reduced viscosity can acquire marked prophylactic relevance.
The data reviewed herein (see Table 1 and type 2, have higher blood viscosity than controls. The differences at high shear rates are generally quite small at approximately 5%. At shear rates below 10 s -1 , however, the differences reach over 20%. The relatively strong consistency of this trend is noteworthy. However, the suggestion that such changes in blood viscosity can precipitate the major vascular complications associated with type 2 diabetes requires further study at the physiological level. The normal vasculature has the potential for a high degree of autoregulation, and viscosity may play a role in this autoregulation vis-à-vis wall shear stresses. The definition of shear wall stresses is the tangential frictional forces applied by blood flow against the endothelium of elastic arteries (with the exception of the cerebral arteries). Theoretically, the wall shear stress is a direct function of the blood viscosity and shear rate. As such, increased blood viscosity would directly affect the magnitude of wall shear stresses. Through a hemodynamic mechanism mediated by wall shear stresses, the elevated blood viscosity observed among type 2 diabetes patients, particularly in the low shear rate range, would be vasodilatory and, through vascular autoregulation, may stimulate a vasoconstriction response. Furthermore, preexisting or concomitant vascular pathologies that involve the loss of elasticity of the basal membrane of vessels in type 2 diabetes patients may limit shear-mediated vasodilation, amplifying the effects of disturbed viscosity in large arteries.
Conclusions
Diabetes mellitus is characterized by an elevated blood glucose level. The present paper reviewed the consequence of the elevated blood glucose level from a hemorheological point of view. The elevated glucose level stiffens the erythrocyte membrane, adversely altering the natural behavior of the erythrocytes, particularly in microcirculation. One of the most important consequences of altered erythrocytes is the elevated WBV. The WBV data reported by a number of researchers are tabulated for comparison. The present study found that the blood viscosity significantly increased in diabetes. The cause of the elevated blood viscosity is explained as the increased aggregation and reduced deformability of red cells. Furthermore, hematocrit was found to be elevated in diabetes due to increased permeability of capillary vessel wall, which in turn increases the WBV. The present paper concludes with the prevalence of hemorheological disorders in diabetes mellitus and recommends regular monitoring of the WBV, because this factor provides a panoramic view of various alterations that occur in erythrocytes.
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